We have studied the photodissociation dynamics of expansion-cooled BrO radical both above ͑278-281.5 nm͒ and below ͑355 nm͒ the A 2 ⌸ 3/2 state threshold using velocity map ion imaging. A recently developed late-mixing flash pyrolytic reactor source was utilized to generate an intense BrO radical molecular beam. The relative electronic product branching ratios at 355 nm and from 278 to 281.5 nm were determined. We have investigated the excited state dynamics based on both the product branching and the photofragment angular distributions. We find that above the O͑ 1 D 2 ͒ threshold the contribution of the direct excitation to states other than the A 2 ⌸ 3/2 state and the role of curve crossing is considerably larger in BrO compared to that observed for ClO, in agreement with recent theoretical studies. 
I. INTRODUCTION
It has been well established that the role of stratospheric bromine is as important as that of chlorine in the catalytic destruction of ozone due to the lack of efficient bromine reservoir species. 1 In addition, the coupling of the ClO / BrO cycling is a source of significant ozone loss in the low stratosphere. [2] [3] [4] Bromine monoxide is the most abundant stratospheric bromine species, representing 40% of the total bromine budget at 20 km and increasing to 75% at 40 km. 5, 6 The combination of the large UV absorption cross section and actinic flux results in a photolysis lifetime of several seconds. Photolysis, therefore, is a major pathway for producing Br radical from BrO in the middle stratosphere. 5, 7 Bromine monoxide has been investigated by numerous techniques to determine salient molecular properties including vibrational frequencies, rotational constants, and bond dissociation energies of both the X 2 ⌸ ⍀ ground state and the A 2 ⌸ ⍀ excited state. The UV absorption spectrum of BrO consists of a diffuse vibronic progression extending from 380 to 285 nm, near the A 2 ⌸ 3/2 state dissociation limit. [7] [8] [9] [10] [11] [12] [13] Most of the bands are broadened due to rapid predissociation, although several bands exhibit partial rotational resolution and permit more detailed analysis. 14, 15 Wheeler et al.
employed cavity ring-down spectroscopy to study the rotationally resolved 7-0 and 12-0 transitions 16 and determined predissociation lifetimes for these transitions of 1.7± 0.2 ps ͑7-0͒ and 1.3± 0.2 ps ͑12-0͒ based on the spectral linewidths. Recently, Wilmouth et al. determined the bond dissociation and heat of formation of BrO using a graphical Birge-Sponer analysis resulting in a value of 55.2± 0.4 kcal/ mol. They also observed JЈ-dependent linewidths for 7-0 and 12-0 bands indicating predissociation induced by molecular rotation as well as spin-orbit coupling, in contrast to the case for ClO. 17 Francisco et al. have carried out high level ab initio calculations to determine optimized geometry of the BrO neutral and cation along with the adiabatic electron affinity and ionization potential. 18 In subsequent work, Li et al. studied the vertical excitation energies for excited states of BrO and the predissociative states that intersect the A 2 ⌸ 3/2 state using high level ab initio calculations. 19 The photodissociation of BrO has received less attention than the analogous ClO system. To our knowledge, there has been only one experimental study of BrO photodissociation that has measured the nascent products. Zou et al. studied photodissociation of BrO in a molecular beam produced by electric discharge through a mixture of Br 2 +O 2 using stateselected time-of-flight mass spectroscopy ͑TOFMS͒. 20 The authors measured a relative Br͑ 2 P 3/2 ͒ /Br͑ 2 P 1/2 ͒ branching ratio of 1.5 in coincidence with O͑ 3 P 2 ͒ at 355 nm. They also estimated the BrO bond energy to be 55.8± 1.0 kcal/ mol based on the derived speed distribution. In this paper, we present a more detailed examination of the photodissociation dynamics of BrO at 355 nm and at wavelengths between 278 and 281.5 nm using velocity map ion imaging. These wavelengths correspond to energies below and just above the O͑ 1 D 2 ͒ threshold, respectively. In the case of BrO photodissociation at 355 nm we focus on the relative electronic product branching ratio and photofragment angular distributions to address the role of predissociation dynamics. We also present our initial investigation of the
threshold. Of interest is the accurate determination of the bond dissociation energy and the excited state dynamics relative to the ClO system.
II. EXPERIMENT
Experiments were performed using a velocity map ion imaging apparatus that has been described in detail elsewhere. 21, 22 Briefly, a collimated molecular beam was intersected at 90°by two copropagating linearly polarized laser beams. The dissociation beam between 278 and 281.5 nm was generated using a neodymium doped yttrium aluminum garnet ͑Nd:YAG͒ ͑Spectra Physics CGR-150-10͒ pumped dye laser ͑Quantel TDL-51͒ operating on rhodamine 575 followed by a frequency doubling. The dissociation wavelengths were accurately determined by optogalvanic calibration using a Cu-Ne hollow cathode lamp and confirmed by measurement of OH laser induced fluorescence spectra near 282 nm. The probe beam wavelengths were achieved using a frequency doubled dye output of a Nd:YAG pumped dye laser ͑LAS͒ operating on Coumarin 450 or Coumarin 500. The bromine atoms, Br͑ 2 P 3/2 ͒ and Br͑ 2 P 1/2 ͒, were probed using 2 + 1 resonance-enhanced multiphoton ionization ͑REMPI͒ transitions at 266.650 nm ͑3p 2 P 3/2 → 4p 4 P 3/2 ͒ and 266.713 nm ͑3p
2 P 1/2 → 4p 4 S 3/2 ͒, respectively. 23 The oxygen atoms O͑ 3 P 2,1,0 ͒ were probed using 2 + 1 REMPI transitions at 225.572, 225.974, and 226.149 nm ͑2p 3 P 2,1,0 → 3 P 2,1,0 3p͒, respectively. 24 The resultant Br and O cations were accelerated by velocity mapping electrostatic lenses prior to entering the 50 cm long field-free flight tube coaxial with the molecular beam. 25 The ion clouds were projected onto a position-sensitive microchannel plate phosphor assembly gated to detect the mass of interest and a chargecoupled device ͑CCD͒ camera interfaced to a Pentium personal computer ͑PC͒ acquired images using event counting for analysis. The two-dimensional ͑2D͒ ion images were reconstructed to their original three-dimensional ͑3D͒ velocity distribution sphere using basis set expansion ͑BASEX͒ method developed by Drinbinski et al. 26 A molecular beam of BrO radical was generated by a recently developed late-mixing flash pyrolytic reactor source. 22 The source utilizes two independent solenoid valves for high pressure mixing of two reactive precursors 27 followed by thermal cracking and subsequent bimolecular reactions to produce expansion-cooled radicals. The reactants, 30 torr of O 3 in 760 torr of He and 30 torr of Br 2 in 760 torr of He, were mixed and passed through a heated nozzle prior to expansion. The heated nozzle consists of alumina tubing wrapped with a Ni-Cr alloy wire embedded in ceramic adhesive in order to achieve uniform heating. 21 The temperature of the heated nozzle is controlled by a currentregulated power supply and maintained at approximately 600 K. Details of the source and demonstration of the performance can be found elsewhere. 22 The operating conditions were optimized to maximize BrO signal intensity rather than to minimize the BrO internal energy. The BrO radicals are characterized by a rotational temperature of 150± 50 K based on the measured speed distributions and independently confirmed using 1 + 1 REMPI of NO at 226 nm. In the case of the NO REMPI measurements the conditions employed were comparable to the conditions used to generate BrO, i.e., an identical NO / He seed ratio, total stagnation pressure, and nozzle temperature.
III. RESULTS AND DISCUSSION
A. Photodissociation of BrO at 354.7 nm Figure 1 shows images of Br͑ 2 P 3/2 ͒ and Br͑ 2 P 1/2 ͒ in coincidence with O͑ 3 P J ͒ arising from the predissociation of BrO at 354.7 nm along with the corresponding speed distributions. The speeds of Br͑ 2 P 3/2 ͒ and Br͑ 2 P 1/2 ͒ were calibrated using the speed of Br͑ 2 P 3/2 ͒ atoms from Br 2 photodissociation at 354.7 nm obtained with the heated nozzle turned off. The symbols represent the data and the solid lines represent the forward-convolution simulation based on energy conservation
where h is the energy of the dissociation photon, D 0 0 ͑BrO͒ is the bond energy of BrO, E e Br and E e O are the spin-orbit energies of Br and O, and E ,J,e BrO is the internal energy of the BrO prior to dissociation. Due to small splittings between the three oxygen spin-orbit states ͑ 3 P 2 , 3 P 1 , and 3 P 0 ͒ compared to the translational energy of the fragments and the nonnegligible parent internal energy, we were unable to resolve velocity features associated with specific oxygen spin-orbit states based on the Br͑ 2 P J ͒ images. Based on REMPI scans of the Br͑ 2 P 3/2 ͒ and Br͑ 2 P 1/2 ͒ transitions, corrected for the relative detection efficiencies, 28 we find relative Br͑ 2 P 3/2 ͒ and Br͑ 2 P 1/2 ͒ fractional populations at 355 nm of 0.88± 0.1 and 0.12± 0.1, respectively.
The photofragment angular distributions were fitted according to 29 
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where ␤ is the spatial anisotropy parameter which is +2 for a purely parallel transition ͑⌬⍀ =0͒ and −1 for a purely perpendicular transition ͑⌬⍀ = ±1͒, P 2 ͑cos ͒ is the second Legendre polynomial, and is the angle between the fragment recoil direction and laser polarization direction. We find best-fit anisotropy parameters of 1.4± 0.1 for the Br͑ 2 P 3/2 ͒ +O͑ 3 P J ͒ channel and 1.2± 0.1 for the Br͑ 2 P 1/2 ͒ +O͑ 3 P J ͒ channel in good agreement with previous results. 20 We note that there is no reason a priori to expect different anisotropy parameters for these two channels since only the A 2 ⌸ ⍀ state reached via a parallel transition is expected to have significant oscillator strength at 354.7 nm. Deviation from the intrinsic anisotropy parameter of 2.0 reflects the effect of rotational depolarization arising from a finite predissociation lifetime. Extraction of a quantitative predissociation lifetime from the anisotropy parameters, however, is difficult. There is disagreement in the literature on the precise location of the 4-0 bandhead and this precludes an exact assignment of the JЉ to use for the lifetime calculations. In addition, Wilmouth et al. have observed JЉ-dependent lifetimes for the 7-0 and 12-0 bands. Whether this is the case for the 4-0 band is unknown but would complicate analysis of anisotropy parameters considerably. Finally, we note that since the 4-0 band exhibits partial rotational resolution a classical treatment of the rotational depolarization 30 may not be appropriate. The observed anisotropy parameter at 354.7 nm is not inconsistent with lifetimes ranging from 0.5 to 2.5 ps assuming JЉ values from 1-5. Figure 2 shows images of oxygen ͑ 3 P 2 , 3 P 1 , and 3 P 0 ͒ in coincidence with Br͑ 2 P 3/2 ͒ and Br͑ 2 P 1/2 ͒ arising from 354.7 nm dissociation along with corresponding speed distributions. As shown in Fig. 2 , Br͑ 2 P 3/2 ͒ is formed in coincidence with the three oxygen spin-orbit states whereas Br͑ 2 P 1/2 ͒ is formed only in coincidence with O͑ 3 P 2 ͒. The relative branching of the oxygen spin-orbit states at this wavelength was obtained from the measured intensities of the 2 + 1 REMPI signals of the fragments corrected for detection sensitivity. 31 Combined with the measured Br͑ 2 P 3/2 ͒ /Br͑ 2 P 1/2 ͒ relative branching ratio as a consistency check, determination of the relative branching ratios of all four observed channels are possible. Table I summarizes relative branching ratios and the respective anisotropy parameters for each channel at 354.7 nm. The selectivity observed in the correlated scalar distributions is curious but not unexpected. The strong vibronic dependence of the product branching ratios has been recently observed in ClO photodissociation, including the complete absence of specific final states. 32 Whether this lack of Br͑ 2 P 1/2 ͒ formed in coincidence with O͑ 3 P 1 ͒ and O͑ 3 P 0 ͒ is dependent on either the vibronic band or JЉ state is an interesting question which warrants further study. We also observe evidence of orbital alignment of the O͑ 3 P 2,1 ͒ fragments by a comparison of images obtained using different probe beam polarization but detailed analysis was not pursued. We find, however, that the anisotropy parameters obtained from the O͑ 3 P J ͒ images are consistent with the anisotropy parameters derived from the Br͑ 2 P J ͒ images.
B. Photodissociation of BrO above the O" 1 D 2 … threshold
We have investigated the photodissociation dynamics of BrO above the O͑ 1 D 2 ͒ threshold for the first time. Although the speed distributions derived from the Br͑ 2 P J ͒ and O͑ 3 P J ͒ fragment images at 354.7 nm can, in principle, provide direct measures of D 0 0 ͑BrO͒ based on Eq. ͑1͒, the large fragment velocities and the intrinsic instrumental resolution limit the precision of this value. In order to reduce the uncertainty associated with the measurement, we sought to observe the low velocity Br͑ length range. Given the relative 2 + 1 REMPI detection sensitivities of Br͑ 2 P 3/2 ͒ and Br͑ 2 P 1/2 ͒ we find that this channel has a relative yield of Ͻ0.05. The features associated with the Br͑ 2 P 3/2 ͒ +O͑ 1 D͒ channel exhibit a strong speeddependent anisotropy due to the breakdown of the axial recoil approximation, expected for low recoil speeds and appreciable parent rotational angular momentum. In order to determine the intrinsic anisotropy parameter we modeled the observed speed dependence of the anisotropy parameter using classical mechanics. 21, 33 We are able to reproduce both the magnitudes and speed dependence of the anisotropy parameter assuming a rotational temperature of 150 K and a JЉ-independent intrinsic anisotropy parameter of 1.8± 0.2. This value of the anisotropy parameter suggests that the Br͑ 2 P 3/2 ͒ +O͑ 1 D 2 ͒ products arise almost exclusively from a parallel transition ͑A 2 ⌸ 3/2 ← X 2 ⌸ 3/2 ͒. In contrast, the anisotropy parameters for fast fragments associated with the Br͑ 2 P 3/2 ͒ +O͑ 3 P J ͒ channel were obtained by averaging over the entire speed distribution, resulting in ␤ = 0.8± 0.2 over the range of 278-281.5 nm. The less than limiting anisotropy of the Br͑ 2 P 3/2 ͒ +O͑ 3 P J ͒ channel indicates that both direct excitation to repulsive states reached via perpendicular transition and curve crossing from the A 2 ⌸ 3/2 ͑parallel transition͒ state are important. Based on an anisotropy parameter of 0.8± 0.2, a perpendicular transition is contributing 40% ± 7% of the intensity of this channel. There are several repulsive states accessible in the Franck-Condon region that may contribute to the perpendicular character of the absorption. The overall curve crossing probability from the A 2 ⌸ 3/2 state can be calculated by comparing the parallel component of the Br͑ 2 P 3/2 ͒ +O͑ 3 P J ͒ channel to the total parallel contribution at these wavelengths. We find that curve crossing probability at these wavelengths is 0.56± 0.05. 34 The one-dimensional Landau-Zener theory can be used to estimate curve crossing probability given the coupling between diabatic curves, the radial velocity of the photofragments, and the differences in the gradients of the potentials at the avoided crossing. 35 Recently, Li et al. calculated the low lying valence electronic states of BrO at the MRCI+ Q / aug-cc-PV5Z level of theory. 19 In a subsequent study the authors determined coupling constants for these states with the A 2 ⌸ ⍀ state. They found that the 2 4 ⌺ − state, which correlates diabatically to O͑ 3 P J ͒ products, was the state most strongly coupled to the A 2 ⌸ ⍀ state with a coupling constant of 650 cm −1 . 36 This value of the coupling constant results in a curve crossing probability of 0.58, in good agreement with our measurements. It should be noted that other states, notably the 1 4 ⌺ + , 3 2 ⌸, and 1 4 ⌬ states, will also contribute to the curve crossing probability and that this value should be considered as a lower limit. However, the large curve crossing probability, indicating primarily adiabatic dynamics, and role of direct excitation to repulsive states resulting in O͑ 3 P J ͒ above the O͑ 1 D 2 ͒ threshold are very different than those observed in ClO photodissociation. In the case of ClO, the relative yield of O͑ 3 P J ͒ above the O͑ 1 D 2 ͒ threshold ranges from 1% to 6% depending on the wavelength consistent with diabatic dynamics. 21 The larger curve crossing probability in BrO compared to that in ClO is primarily a consequence of the increased spin-orbit interaction. The perpendicular component of the Br͑ 2 P 3/2 ͒ +O͑ 3 P J ͒ channel reflects the sum of direct excitation to repulsive states correlating to this channel. These perpendicular transitions contribute 0.28± 0.04 of the oscillator strength at these wavelengths in BrO which also differs from ClO where Ͼ90% of the oscillator strength is carried by the A 2 ⌸ 3/2 state for all wavelengths above the O͑ 1 D 2 ͒ threshold. 21 
Determination of the BrO bond dissociation energy
Bond dissociation energies are perhaps the most fundamental quantities in chemistry. Despite the importance of these values in describing the making and a breaking of chemical bonds, accurate determination is often difficult. There are several experimental techniques for obtaining bond dissociation energies including radical kinetics, negative ion cycles, and photoionization mass spectrometry. These have been compared in recent reviews. 37, 38 Spectroscopy also provides a route to bond dissociation energies using the convergence of vibrational bands near the dissociation threshold or the measurement of predissociation thresholds. Often the last observed vibrational band is far from the convergence limit and extrapolation procedures such as graphical Birge-Sponer analysis are required. 39 A recent study on the enthalpy of formation of the hydroxyl radical by Ruscic et al. 40 47 The application to open-shell species, however, is more difficult due to the challenges associated with the production of intense beam sources of "cold" radicals.
In order to determine D 0 0 ͑BrO͒ from the near threshold Br͑ 2 P 3/2 ͒ images we treated the data using two methods. The first approach relied on extracting the total fragment translational energy at each wavelength independently. The translational energies associated with JЉ =0 vЉ = 0 BrO were obtained using forward-convolution fits of the speed distributions. A plot of measured translational energy versus photon energy should yield a straight line for each asymptotic electronic channel with the intercept of each line corresponding to the threshold of the respective channel. Figure 4 shows the results presented in this manner. The best fit to the data provides an A 2 ⌸ 3/2 dissociation threshold, corresponding to the threshold for formation of In the second approach we adjusted a single value for the bond dissociation energy to provide the best forwardconvolution fit to all the speed distributions associated with the Br͑ 2 P 3/2 ͒ +O͑ 1 D͒ channel above the A 2 ⌸ threshold. Figure 5 shows the speed distributions of Br͑ 2 P 3/2 ͒ for this channel arising from BrO photodissociation in the wave- length range of 278-281.5 nm ͑closed circles͒. Also shown are forward-convolution simulations using Eq. ͑1͒ ͑solid lines͒. The vertical bars in Fig. 5 correspond to speeds associated with specific rotational states of BrO weighted according to a rotational temperature of 150 K. Further characterization of the internal energy, specifically the ratio of BrO spin-orbit states and vibrational temperature, is precluded by large noise levels near speeds associated with these internal states. There are features in the speed distribution that fall suggestively near speeds consistent with vЉ = 1 and X 2 ⌸ 1/2 states ͑Ͼ200 m / s͒ but we have not included these in the simulations since the signal-to-noise ͑S/N͒ ratio is not adequate in this region. We note that the fractional populations of the vibrational and spin-orbit excited states at 298 K should be 0.03 and 0.01, respectively. A value of 55.9 kcal/ mol for the BrO bond dissociation energy provides consistent fits to the data at the four dissociation wavelengths presented. In order to demonstrate the sensitivity of the simulations to the bond dissociation energy, we show the fits of ±0.1 kcal/ mol in Fig. 6 . Our reported bond energy determination is higher and outside the error bars of the recommended value ͑55.2± 0.4 kcal/ mol͒. 49 We note that the forward convolution-fitting procedure used in the present work is identical to our previous treatment of ClO data. 21 Figure 7 shows speed distributions of Cl͑ 2 P 3/2 ͒ in coincidence with O͑ 1 D 2 ͒ at wavelengths above the A 2 ⌸ state dissociation threshold. Evidence for dissociation arising from excitation of the X 2 ⌸ 1/2 spin-orbit state is clearly visible in the ClO data. Based on the speed distributions of Cl͑ 2 P 3/2 ͒ along with rotational temperature of 100 K, we determined the A 2 ⌸ state threshold to be 38 060± 20 cm −1 , in excellent agreement with previous spectroscopic studies. 10, 50 Spectroscopic extrapolation in the case of ClO provides a more reliable value of the A 2 ⌸ state dissociation threshold than in the case of BrO since the absorption spectrum is better resolved and extends very close to the convergence limit. Therefore, the previous LeRoy-Bernstein extrapolation value of 38 056± 10 cm −1 provides a robust check on the present analysis.
In the following section, we address possible sources of experimental error arising from uncertainties BrO rotational temperature, wavelength calibration, the pixel to speed scaling, and ionization process. We conclude that these represent minor effects in the present experiment and do not alter the reported value or error bounds. Although both the width of the speed distribution and 1 + 1 REMPI of seeded NO agree well with a BrO rotational temperature of 150± 50 K, we simulated the speed distributions using T rot = 50 and T rot = 250 K to estimate the effect on the derived bond dissociation energy. Our best-fit bond dissociation energies at these temperatures were 55.95 kcal/ mol ͑250 K͒ and 55.85 kcal/ mol ͑50 K͒, although simulations using these temperatures were clearly broader ͑250 K͒ or narrower ͑50 K͒ than the experimental data. Any error in the photon energy of the dissociation laser has a direct effect on the derived bond dissociation energy. The dissociation wavelength was calibrated using two methods. Optogalvanic calibration was achieved using a Cu-Ne hollow cathode lamp and the wavelengths were also confirmed by measuring OH laser-induced fluorescence ͑LIF͒ transitions near 282 nm. Even an unanticipated error of 0.1 nm in the wavelength would only change the derived bond energy of BrO from 55.85 kcal/ mol ͑+0.1 nm͒ to 55.95 kcal/ mol ͑−0.1 nm͒. The pixel-to-speed scaling factor, which is critical in providing speeds from the measured images, could be an another possible source of error. This scaling factor is very sensitive to the fastest moving fragments in that a 5% of error results in 100 m / s of discernible deviation for fragment speeds near 2000 m / s. Accurate calibration of the scaling factor was achieved by turning off the heated nozzle and collecting high S/N images arising from jet-cooled Br 2 photodissociation at 355 nm to produce two ground state Br atoms. Since the bond dissociation energy for Br 2 is precisely known, the scaling factor can be directly determined. We believe that any uncertainty caused by scaling factor is significantly less than 3% leading to errors of only a few m/s in the low speed fragments and, therefore, negligible difference in energy. Finally, the fragment speeds are affected by excess kinetic energy imparted to the cation during the 2 + 1 REMPI process. 51 The effect is small due to the large difference in masses between the ion and electron resulting in a blurring of only 6 m / s. 52 Given the sources of errors and the sensitivity of the measurement to the A 2 ⌸ 3/2 threshold we believe that a conservative estimate of the uncertainty in the bond dissociation energy is ±0.1 kcal/ mol. We note that a recent high level theoretical study by Shepler Due to the abundance of the BrO in the stratosphere, an accurate value for the heat of formation for BrO is necessary to evaluate the thermochemistry of reactions in which it participates. In the following discussion we use the D 0 0 ͑BrO͒ to calculate the heat of formation for BrO at 298.15 and 0 K. The heat of formation ͑⌬ f H°͒ of BrO is defined by the equation
The transformation from 0 to 298 K involves enthalpy increments ͑integrated heat capacities͒ using the NIST-JANAF Thermochemical Tables  53 for the we calculate a value for ⌬ f H°͑IO͒ at 298 K of 28.5 kcal/ mol. Employing the forward and reverse rate constants for reaction ͑4͒ reported by Gilles et al. 59 results in a higher value for ⌬ f H°͑IO͒ at 298 K of 29.0 kcal/ mol. Determination of the IO bond dissociation using ion imaging to study the near threshold photodissociation would provide a more direct measure of the heat of formation. These studies are currently underway in our laboratory.
IV. CONCLUSIONS
We have studied the wavelength-dependent photodissociation dynamics of expansion-cooled BrO radical using velocity map ion imaging. Below the O͑ 1 D͒ threshold at 354.7 nm the fragment anisotropy parameters are consistent with previous results. There is evidence for interesting, yet unexplained, complexity in the correlated scalar distributions, i.e., Br͑ 2 P 1/2 ͒ is formed in coincidence with a single oxygen spin-orbit state. Further experiments to elucidate the mechanism for this behavior are warranted. We find that above the O͑ 
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